Background. Although the pattern of viral shedding over time has been documented in volunteer challenge studies, understanding of the relationship between clinical symptomatology and viral shedding in naturally acquired influenza infections in humans remains limited.
Because influenza virus infections are associated with significant morbidity and mortality through regular epidemics and occasional pandemics, understanding the dynamics of infectiousness over the course of a typical infection is important to inform appropriate control strategies. The quantity of influenza virus shedding is generally considered a proxy for infectiousness [1] [2] [3] . Although the pattern of viral shedding over time has been documented in volunteer challenge studies [4] , these experimental infections were mostly induced with high-dose viral challenge via artificial mode of inoculation on healthy adults [5, 6] . Studies on viral shedding pattern in naturally acquired influenza infection can therefore serve a theoretical linking role for assessing whether data from experimental infections can be generalized to the general population in the community setting, but remain limited [7, 8] .
Although cases presenting for medical attention are not likely to be representative of all natural infections, because milder infections would tend not to require medical attention, we previously reported preliminary results on patterns in viral shedding and symptoms in confirmed influenza virus infections that were prospectively identified in households in a communitybased study in 2008 [7] . Herein we report a more comprehensive analysis of the relationship between clinical symptomatology and viral shedding based on all such cases prospectively identified over a period of 5 years in our household study.
METHODS

Participants
A community-based randomized controlled trial investigating the efficacy of nonpharmaceutical interventions against influenza transmission in households was conducted in Hong Kong in 2008 [9] . An observational study with similar recruitment and follow-up protocols, but no randomly allocated interventions, was conducted in 2009 during the influenza A(H1N1) 2009 pandemic [10] , and this protocol was continued in the influenza seasons of 2010-2014. In these studies, participants were recruited as household index cases from primary healthcare providers if they presented with acute respiratory signs or symptoms and were the first member within their household with recent acute respiratory signs or symptoms. Index cases who tested positive for influenza with the QuickVue Influenza A + B rapid diagnostic test (Quidel, San Diego, California) were invited to participate in the study. If recruited, the whole household was followed up with 3 home visits that were conducted on the day of recruitment, followed by additional visits 3 and 6 days later. Nose and throat swabs (NTSs) were collected from all household members at every home visit, regardless of the presence or absence of respiratory symptoms, allowing identification of symptomatic and asymptomatic infections. Daily symptom diaries were completed by all household members, and digital thermometers were distributed to each household for standardized recording of daily tympanic temperature. Specific symptoms and signs recorded in the symptom diaries included fever ≥37.8°C, headache, myalgia, cough, sore throat, runny nose, and sputum.
Household members excluding the index case were referred to as household contacts. A secondary case was defined as any household contact who tested negative for influenza virus on the first home visit and tested positive for influenza virus on a subsequent visit by laboratory testing. The analyses in this study will focus on these naturally acquired secondary influenza virus infections. Based on the symptoms recorded in the diaries, acute respiratory illness (ARI) was defined as ≥2 respiratory signs or symptoms from the 7 listed above, and influenza-like illness (ILI) was defined as the presence of fever (≥37.8°C) plus cough and/or sore throat [10] .
Laboratory Methods
Detection of influenza A or B virus infection and quantification of viral shedding were done by standard reverse transcription polymerase chain reaction (RT-PCR) testing on collected NTS specimens. Nucleic acid was extracted using the NucliSens easy-MAG extraction system (bioMérieux, Boxtel, the Netherlands) according to the manufacturer's instructions. Complementary DNA was prepared using extracted nucleic acid by using an Invitrogen Superscript III kit (Invitrogen) with random primer [11] .
For detection of influenza A viruses, complementary DNA was amplified in a LightCycler 2.0 (Roche Diagnostics). The forward primer (5′-CTTCTAACCGAGGTCGAAACG-3′) and the reverse primer (5′-GGCATTTTGGACAAAKCGTCTA-3′) were used for amplification of the matrix gene [12] . At the end of the assay, PCR products were subjected to a melting curve analysis to determine the specificity of the assay. The lower limit of detection of the RT-PCR assay was 23 virus gene copies per reaction (ie, approximately 900 copies/mL).
For detection of influenza B viruses, the forward primer (5′-GCATCTTTTGTTTTTTATCCATTCC-3′) and the reverse primer (5′-CACAATTGCCTACCTGCTTTCA-3′) and 5′ nuclease probe (Fam-TGCTAGTTCTGCTTTGCCTTCTC CATCTTCT-TAMARA) were used for amplification of the matrix gene [13] . Testing was performed by using the TaqMan EZ RT-PCR system. Amplification and detection was performed on an ABI StepOne real-time PCR system (Applied Biosystems).
NTS specimens were additionally tested by quantitative viral dilutions to detect median tissue culture infectious dose (TCID 50 ) and determine replicating viral load. Madin-Darby canine kidney (MDCK) cells were rinsed in serum-free minimum essential medium (Gibco). The NTS specimen was diluted initially by 1 in 5 and then in 10-fold steps in serum-free minimum essential medium (Sigma Aldrich). One hundred microliters of the undiluted NTS specimen as well as each of the specimen dilutions was added in quadruplicate to the MDCK cell monolayers. Medium alone was added to control cells. An additional 100 µL of serum-free minimum essential medium with 2 µg/mL trypsin was added to each well, and the plates were incubated at 33°C for 7 days. The plates were evaluated for cytopathic effect daily. The TCID 50 was determined according to the Reed-Muench method. The lower limit of detection was approximately 10 0.3 TCID 50 .
Statistical Analysis
We grouped clinical symptoms and signs as systemic signs and symptoms (fever of ≥37.8°C, headache, and myalgia) and respiratory symptoms (sore throat, runny nose, cough, and sputum), and calculated daily scores by summing the presence vs absence of each symptom or sign and dividing by 3 and 4, respectively [2] . We plotted average symptom scores by time since ARI onset, which was defined as the first day when the subject reported ≥2 of the 7 symptoms. Mean tympanic temperatures since ARI onset were also investigated by subtype of influenza. The dynamics of viral shedding were analyzed by plotting the daily geometric mean RT-PCR and mean TCID 50 levels by time since the day of ARI onset. For undetectable values, half of the lower limit of detection (ie, 450 copies/mL and 0.15 log 10 TCID 50 ) was imputed when calculating daily geometric means. Plots were stratified according to type/subtype of influenza virus ( pandemic A [H1N1]pdm09, seasonal A[H1N1], seasonal A[H3N2], and seasonal B). We also examined the correlation between viral shedding detected by RT-PCR and tympanic body temperature since ARI onset. All analyses were conducted with R version 3.0.2 (R Foundation for Statistical Computing, Vienna, Austria) [14] .
RESULTS
Over the study period of 7 years, we enrolled 824 households, each with an index case that tested positive for influenza on the rapid test, and obtained NTS specimens from 2494 household contacts in those 824 households. Two hundred thirtyfive household contacts (9%) were identified as laboratoryconfirmed secondary cases of influenza virus infection, with identification of influenza virus by either RT-PCR or virus culture. Of these 235 cases, 165 (70%) were identified in 2008 and 2009, and the remainder were identified in the subsequent years. These included 33 cases of pandemic A(H1N1)pdm09, 73 cases of seasonal A(H1N1), 69 cases of A(H3N2), and 49 cases of influenza B virus infections. All 235 secondary cases were initially negative on both viral culture and PCR at day 0 but had a positive finding later, including 88 cases (37.4%) positive only at visit 2, 67 cases (28.5%) positive only at visit 3, and 80 cases (34%) positive at both visit 2 and 3. Among these, 11 positive cases of influenza A could not be subtyped due to insufficient quantity of biological material available, and were excluded from the subsequent analyses in this study, leaving 224 confirmed natural influenza virus infections for our analyses.
The age and sex distributions of the 224 cases were largely similar across all 4 types/subtypes (Table 1) . Among the 224 secondary cases, 179 (76%) presented with a typical clinical picture of ARI, reporting 2 or more symptoms during their illness episode. Overall, 83 cases (35%) also reported an episode of febrile illness that met the definition of ILI, and this proportion ranged from 27% to 38% for different influenza types/subtypes (Table 1) .
To assess the dynamic relationship between clinical symptoms and viral shedding, we focused on a subset of 127 secondary cases with a clinical picture of ARI, including 17 cases of pandemic A(H1N1), 43 seasonal A(H1N1), 43 A(H3N2), and 24 influenza B virus infections. A total of 97 cases were excluded from these particular analyses, including 25 asymptomatic cases and 30 cases that reported only 1 symptom and thus could not be included, and 42 cases that were already symptomatic in the first household visit and thus the time of illness onset could not be precisely determined. At the time of ARI onset (day 0), cough and runny nose were the 2 most common presenting symptoms for secondary cases with seasonal influenza infections, being reported in 70%-82% and 59%-81% of cases, respectively, of different influenza types/subtypes (Table 2) . For influenza A(H1N1)pdm09 cases, cough (82%) and sore throat (59%) were the 2 most common presenting symptoms. On the other hand, as fever was a presenting symptom in less than half of these cases, a typical symptom complex fitting the definition of ILI only applied to 23%-42% of cases at the time of ARI onset. Over the whole course of the illness episode, cough (82%-95%) and runny nose (76%-93%) were the 2 most commonly reported symptoms for all 4 types/subtypes of influenza infections (Table 2) , whereas fever (≥37.8°C) was only reported in around half (41%-51%) of both pandemic and seasonal influenza cases who met the ARI case definition.
Among the 127 cases who met the ARI case definition, we plotted patterns in viral shedding and signs/symptoms since ARI onset (Figure 1) . The temporal trajectory of signs and symptoms followed a comparable pattern across infections by the types/subtypes studied (Figure 1 ). Mean symptom scores for systemic and respiratory symptoms were generally highest on the day of symptom onset (day 0), and gradually declined thereafter over a course of 6-8 days. Systemic symptoms subsided earlier than respiratory symptoms. Mean temperature was also highest around the day of symptom onset for all types/ subtypes ( Figure 1 ). Compared with infections by seasonal influenza viruses, A(H1N1)pdm09 infections were associated with fewer respiratory symptoms and a shorter mean duration of systemic symptoms on average.
In the 127 cases with ARI, viral shedding exhibited very different temporal relationships with clinical symptoms in infections with influenza A vs influenza B (Figure 1 ). For influenza A virus infections, mean viral shedding as quantified by RT-PCR or TCID 50 could be detected in some cases before ARI onset, and peaked within 2 days of ARI onset ( Figure 1 and Table 3 ). Thereafter, the amount of viral shedding as quantified by RT-PCR decreased gradually to an undetectable level by approximately day 6-7 of clinical illness, with a total shedding duration of 9-10 days in some cases. Whereas the patterns in viral shedding and symptoms matched quite closely for influenza A, this was not the case for influenza B (Figure 1 ). Instead of peaking at the day of symptom onset, influenza B viral shedding detected by RT-PCR started with a peak up to 2 days prior to symptom onset and persisted for 6-7 days thereafter, with evidence of a bimodal pattern ( Figure 1 and Table 3 ). Duration of influenza B viral shedding as reflected by TCID 50 generally followed a largely similar trajectory, but with a shorter total shedding duration of 4-6 days than that reflected by RT-PCR ( Figure 1 ). Patients with illness fitting the ILI definition had a similar viral shedding trajectory in terms of the duration and pattern of shedding compared with the ARI cases. There was insufficient sample size to explore the difference in viral shedding between adults and children. The dynamics of viral shedding detected by quantitative culture revealed trends similar to those detected by RT-PCR. We did not observe any statistically significant trend on the ratio of RT-PCR vs TCID 50 over time since illness onset, and the ratios of RT-PCR to TCID 50 (both measured in the same volume of Viral Transport Medium) were 708, 547, and 185 matrix gene copies per TCID 50 for seasonal A(H1N1), A(H3N2), and influenza B, respectively.
We also investigated the associations between daily body temperature and levels of viral shedding since ARI onset. Among cases of seasonal influenza A, the strongest correlations were observed on the day of and the day immediately following ARI onset (Figure 2) . No statistically significant correlations were found between body temperature and viral shedding among the cases with influenza B with a smaller sample size (Supplementary Appendix Figure 1 ).
DISCUSSION
This study described the clinical pattern of 224 cases of natural influenza virus infection, including seasonal and pandemic influenza cases, spanning 7 years, and examined the dynamic temporal relationship between clinical symptomatology and viral shedding in 127 cases having an ARI clinical picture. The duration and patterns of viral shedding observed in seasonal A (H1N1), A(H3N2), and pandemic A(H1N1)pdm09 influenza virus infections were generally comparable, rapidly rising and peaking on the day of or on day 1-2 following ARI onset before declining, whereas in cases of influenza B virus infection, viral shedding followed a more prolonged plateau pattern (Figure 1 ). This divergence between influenza A and B viral shedding patterns was largely compatible with previous observations from volunteer challenge studies [4] . The pattern in viral shedding by PCR was generally consistent with that observed by TCID 50 , indicating that viral shedding by PCR does correlate with infectious virus.
Given that the patterns of symptoms were very comparable between influenza A and B virus infections (Figure 1) , it is not clear why their viral shedding patterns are so different. Consistent with previous findings [7, 8] , the close matching of the dynamics of clinical illness and viral shedding in influenza A infection allowed the use of the illness profiles as a proxy for clinical infectiousness, assuming that it is proportional to the amount of viral shedding. The high level of shedding during the initial 1-2 days of clinical illness may also explain our previous finding that nonpharmacological interventions, including hand hygiene and face masks, would be most effective in preventing transmission in a household setting if implemented within 36 hours of symptom onset in the index case [9] . Largely identical to findings in experimental studies, the bimodal course with early peak and prolonged period of viral shedding in influenza B infection might reflect a different temporal course of immune response for the less variable virus as compared to influenza A virus, and may imply the potential infectiousness before symptom onset and after clinical improvement.
The start of viral shedding before symptom onset, albeit at low levels as demonstrated by both RT-PCR and TCID 50 (Figure 1) , indicates the potential for influenza virus transmission in the presymptomatic phase of the illness before it becomes clinically apparent [15] . As a consequence, symptom-based preventive measures may be inadequate, whereas more effective control of epidemics may be achieved through general preventive measures including hygiene campaigns, improvements in general immunity by healthier lifestyle, and the use of influenza vaccination, especially for individuals with high risk of severe disease.
Although the trajectory of viral shedding over time has been relatively better documented in volunteer challenge studies [4] , there are very few studies with viral shedding data from naturally acquired infections [8, 16] . Cases infected by viral challenge were of doubtful generalizability to natural infections because of the route and high challenge doses involved in such an experimental setting, designed to lead to a mild to moderate illness, and the exclusive involvement of healthy adults [4] . The prospective household transmission study represents an ideal Data are presented as geometric mean of viral shedding (mean log 10 copies per mL).
Abbreviation: ARI, acute respiratory illness. Table 2 . Individuals with asymptomatic or subclinical infections were excluded.
setting for filling this important information gap as the study design allows both symptomatology and viral shedding to be measured prospectively on natural infections of any severity profile among exposed household contacts with a wide variety of demographic and medical backgrounds (eg, the ages ranged from 1 to 91 years). In this study, we refined our previous findings on 59 confirmed infections [7] with a much larger number of cases from 7 years of recruitment, including also cases infected with influenza A(H1N1)pdm09 virus. Although secondary cases in a household setting might not be representative of all natural influenza infections in other community settings because of the particular mechanisms of transmission in households [17] , it has been estimated that a large proportion of community disease transmission does take place in the household setting [18] . In a subset of these households, we used viral genetic sequences to demonstrate that >95% of the infections among household contacts did occur within the household [19] . Although antiviral use has been reported to shorten the duration of viral shedding [20] , these effects could not be assessed in this study because very few cases included here had sought medical attention and been prescribed antivirals for their illness. This study also faced other limitations. Short and mild infections could be missed because of the 1-to 2-day time gap of between NTS collection. Index case recruitment required subjects to seek outpatient care, possibly resulting in a bias toward subjects with more severe illness and health-seeking behavior. Additionally, when examining the interrelationship between dynamics of clinical symptoms and viral shedding, only secondary cases with typical ARI onset could be plotted, which did not account for the dynamics of virus shedding in asymptomatic ) and line of best fit between tympanic temperature and influenza viral shedding by reverse transcription polymerase chain reaction (RT-PCR) by day since acute respiratory illness (ARI) onset in 175 cases with naturally acquired influenza A virus infections. ARI onset is defined as at the first day with ≥2 of the 7 symptoms or signs listed in Table 2. infections. Finally, assessing the trajectories according to ARI onset is reliant upon the accuracy of self-reported respiratory signs and symptoms.
In conclusion, our results suggest that viral shedding in seasonal and pandemic influenza A virus infections matched closely with the dynamics of clinical illness, allowing clinical illness profiles to be used as a proxy for clinical infectiousness, whereas in influenza B virus infection, viral shedding followed a more prolonged plateau pattern, implying that patients may potentially be infectious even before symptom onset or upon clinical improvement.
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